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OBJECTIVE FUNCTION FOR MUNICIPAL HEAT SUPPLY
SYSTEMS’ STRUCTURAL OPTIMIZATION

Introduction. The modern market of heat supply and hot water supply (HWS) offers a wide range
of various thermal energy sources: from low-power individual fan heaters, intended for rooms heating, to
large TPPs and boiler facilities purposed to provide the heat and HWS to several hundred houses.

Such variety allows the end user to select between flexible variances of satisfying his needs in
heat and hot water. At the apartment level the consumer can install a boiler for hot water and choose
between the oil-, fan-heater or even a heat-pump system. At the house/building level the residents can
install a rooftop or modular boiler plant. At the level of city district the municipal services can build a
TPP arranging a central heating system or choose other ways.

As a result, each consumer, while individually solving the heat supply problem, faces the prob-
lem of process optimization. What will be better? Should he install the autonomous gas boiler, the
electric boiler or shall he use the central heating system hot water? As a rule, the priorities’ sequence is
following: central heating, AGB, electric boiler, etc. Ideally, that distribution makes sense, but let we
consider the following conditions limiting the selection options:

— the consumer has already spent a certain limit of gas and now shall be switched to a more ex-
pensive tariff;

— a multitariff electric power counter installed allows an economy as at night the consumer is
switched to 40% of the nominal tariff;

— the given city district central heating system is in a deplorable state, the main pipeline leaking
and its thermal insulation being wore out;

— there is an opportunity to use thermal pumps for heating both at the level of certain apart-
ments, and at the houses group level; thus, the more powerful is that equipment, the higher is used
compressors’ efficiency.

Under such circumstances the optimum choice problem solution as to the heat source selection
under existing conditions is less evident requiring a more serious approach. And when considering the
best solution in city scale, taking into account numerous thermal power units, boiler facilities, thermal
pumps feeding heat from solar collectors, geothermal sources, subsoil and sewage water, various mo-
bile modular boiler units installed at certain houses, etc., it is obvious that the choice of the optimal for
present conditions heat sources’ structure will allow not only to optimize costs of municipal heat sup-
ply, but also to reveal timely the functioning thermal energy sources’ deterioration.

Literature review. Nowadays the methods of variable-structure objects management are actively
progressing concurrently to that objects become more complex. Solutions, representing a separate pri-
vate cottage heat supply give an example of such object management realization on the basis of crite-
ria as: heat supply quality, equipment reliability and spent resources costs, are exposed at [1,2]. The
publication [3] does consider the issues of heat alternative sources’ integration into municipal heat
supply networks and expected potential of such systems’ optimum management. To be noted is that
numerous works are devoted to the problem of increasing the efficiency of end user heat supply pro-
cess at the account of alternative individual sources of thermal energy [4] engaging.
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In general, the global aim of all researches is the same: to elaborate such an optimal scheme when
at each time-point the cheapest thermal energy source would be used. For this purpose it is necessary
to have a set of alternative heat sources operated at various physical principles and using different en-
ergy resources.

Aim of the Research. The comprehensive solution of heat supply costs’ optimization problem is
possible in that case when the given source’s thermal energy current cost formation algorithm includes
whole complex of its generation costs, namely: capital expenditure for the source installation and ad-
justment, costs of its service maintenance and operation. Therefore, the present research purpose re-
lates to synthesizing a complex criterion uniting all factors that define prime costs of thermal energy
generated by a separate source.

Main Body. The reference [2] does suggest a variance of complex criterion synthesized on the
goal-programming method basis. According to the proposed concept, each plan xof equipment
switching shall be estimated using the criterion function:

J(650) =W, R (630) + w, 02 (550) + WS (x30) + w B2 (x,7), ) w =1, (1)
&

where w,, w,, w,, w, — weight coefficient found by Delphi technique;

R,(x;t) — normalized system reliability rated value;

0, (x;t) — normalized management quality rated value;

S, (x;T) — normalized spent resources cost parameter rated value;

E,(x;7) — normalized equipment efficiency rated value;

T — time.

The features that could be assessed as the criterion function’s (1) imperfections are following:

— multicriteria optimization technique applied, this function became rather personal judgment of
optimality depending on the particular person making the decision;

— the function doesn’t consider all complex of capital expenditures for installation, adjustment,
service and operation;

— initially every criterion function’s components have their proper units of measure, and even
some unification implemented, their adequate comparison is difficult to implement;

— the criterion function is used to form the plan of equipment xswitching that is a resource-
intensive computing task requiring to simulate a complicated multiple-factor model of environment.

Despite all shortcomings, in the absence of alternatives the heat supply system management using
criterion function (1) really allows to support a certain balance between the efficiency of resources-to-
thermal energy transformation, equipment reliability, quality of required temperature ensuring and the
value of expenditure for resources involved. Thus the criterion function’s some component priority is
defined by weight coefficient.

The suggested solution is seeking to improve the criterion function (1) representing all its com-
ponents through an uniform unit of measure. It allows the passage to a monocriterial optimization
problem. Another key feature of this research relates, having refused to seek the forecast and equip-
ment switching plan formation problem solution, to searching for the optimum decision for each time
instance.

All criterion function components can be expressed through monetary units of measurement, the
money representing an universal equivalent of goods’ and services’ cost.

In quality of initial data it is supposed that the generalized heat supply system has the following
characteristics:

T — system resource, S;

At — simulation interval either an interval within which the system operation is assessed, s;

C, — equipment value;

C,, — installation and adjustment value;
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C, — system servicing value for a time period T ;
G! — quantity of i ™ energy resource consumed during the reported period (month);
Ci(t,G') — current price of i ™ energy resource depending on day time as well as on the previ-

ously consumed energy resource quantity;
G! — current expenditure of i ™ energy resource during the reported period (month);

N, — number of consumers connected.

Calculation of the criterion function’s cost-related component S(t)

_(C,+C,+C))AT
N.T

S(1) +Y Cl(1,GHGi(1)AT. )

Depending on the given heat source type, the value C’(t) can be represented as UAH/kg,

UAH/J, UAH/kWh, UAH/m’. The summation symbol at (2) does signify that some heat sources while
operated are using the electrical power (e.g. for pumps function).
Further simulative modeling revealed that the Gi(t) value does indirectly represent the energy

resource — into thermal energy transformation efficiency. As a rule, all heat sources structurally are
designed in a manner maintaining the required temperature at the heating element’s output (should it
be the furnace either thermoelectric heater). The consumed quantities and heat carrier temperature at
the system being known, we can calculate theoretically the required thermal energy quantity, needed
for heat carrier heating. Meanwhile the thermal processes’ shortcomings as well as various thermal an
physical heat carrier’s losses result is actually greater energy amount required for heat carrier heating.
The Gi(t) value represents the actual energy resource expenditure immediately determining the

changes of thermal energy cost when that energy production efficiency changed.

To represent the reliability characteristic in money units equivalent, it is suggested to us the actu-
ary mathematics’ methods applied at insuring to calculate the tariffs for high risk insurances [5].

The initial data:

S, — average insurance coverage of one agreement;

O — average indemnification per one agreement;

N — total number of agreements concluded during some preceding period;

M — insured occurrences number at N agreements;

p — probability of one agreement insured occurrence arising;

n — quantity of insurance agreements proportioned to the time period for which the insurance
coverage is provided.

The probability of one agreement insured occurrence arising:

_M
p==

In the absence of p, S,, O values’ statistics, they can be assessed by Delphi method or substi-
tuted with analogous parameters. So, the insured occurrence probability p we can replace with a val-
ue reciprocal to the heat energy source’ reliability p =1-— P(t). The average insurance coverage per

on agreement S, can be approximated as equal to capital costs for purchase, installation and adjust-
ment divided to the consumers number:

S :CE+C,.(,‘

n

n

Essential to note is the insurance agreements number doesn’t always enter in direct correlation to
the connected consumers numbers N, . Case of district boiler facility, such approximation is well-
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reasoned as, when equipment failure to compensation should be paid to every subscriber; and case of
individual heat sources, advised is to estimate some limited totality of subscribers, e.g. a living house.

The sought reliability index represented in money equivalent can be found on the net-premium
basis 7,.

I,=T,+T,, 3)

where 7, — net-premium main part;
T, — risk loading.

IISY

) 4)

~ 1—_p _ L
T,= 1,2T0a(v)\/; L2T50(v) n(1-P(1))’ ?

where a(y) — coefficient depending onto safety guarantees y (to be selected from reference tables).

T=pE=(1-P()

%)

The resulting from (3) net-premium value represents a share of relative insurance sum. In quality
of such relative insurance advisable is to admit the summary capital costs for installing and adjusting
the thermal energy source.

According to the actual techniques of tariffs calculation the lower limit of relation between Q
and S, at (4) shall be within scale from 0,3 (medical insurances) up to 0,7 (liability insuring) [5]. In

our case these values’ relation can symbolize some heat supply quality criterion. When the final con-
sumer suffers from thermal energy deficiency, he is forced to bear some additional costs (e.g. to pur-
chase alternative thermal power sources). Such expenses must be repaid by the principal heat supplier.

At that the O and, consecutively, the relations Q/ S, do increase. Under circumstances of qualitative
heat supply the O, time elapsing, decreases.

Further we suppose to investigate the possibility of using the ratio Q/ S, to assess the process

heating quality. In this paper, it was assumed to be 0,7.
The calculation of reliability component R(t) can be carried out for some AT, a period equal to the

month, quarter, year and thus take into account changes in the system reliability when an accident occurred.
In general, the reliability component, taking into account (3)...(5) is:

R(v)= {(1 - P(r))0,7(1 +1,20(7) n(i (1?(1)) ﬂ (C. +ACT,-a )AT

Proposed is to calculate the equipment failure-free operation probability P(t) by the method de-

scribed in [2] when the equipment reliability is determined by two kinds of failures: random and wear-
dependent, and depends on the environment condition and the relative power of equipment operation.

Further analysis revealed that this objective function can exclude the quality component.

When several alternative heat sources, the required temperature can be maintained always, con-
trolling the amount of sources engaged. If heated premises’ overheating occurs, (for example, in the
case of central heating system) the point temperature is maintained by venting excess heat to the envi-
ronment via a ventilation system. In this case, the consumer pays the entire cost of recoverable thermal
energy, and, consequently, the unit cost per heat unit may exceed the cost of heat from alternative
sources, that should lead to a change in the heating system structure.

Thus, the modified form of the objective function (1) is:

J(t)=S(0) +R(x). (6)
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All components are expressed in monetary units, and hence the optimal solution search refers to
choosing at every moment the cheapest source of thermal energy. If it is not sufficient to ensure a required
temperature, we proceed to further selection of the next source with minimal cost of power generation.

Results. We consider a generalized district of the Odessa city consisting of 200 houses 72 apart-
ments at each. Heat losses per one house at -18 °C are reaching 200 kW, that results in average heat
loss per one apartment about 2,8 kW. Let the district is heated with one boiler facility. As an alterna-
tive, we assume that each apartment is equipped with a gas boiler, electric boiler and heat pump at that
the boiler covers only the HWS need. Also we assume that the house has a rooftop boiler. The energy
tariffs are given in Table. 1...3. Tariffs rates are as of 02/01/2014.

Table 1

Natural gas consumption tariffs

When annual gas
consumption below

When annual gas
consumption below

When annual gas
consumption below

When annual gas
consumption ex-

2500 m’ 6000 m’ 12000 m’ ceeds 12000 m’
Price per 1 m’,
UAH 0,725 1,098 2,248 2,686
Table 2
Electrical power consumption tariffs
When monthly con- When monthly con- When monthly con-
sumption below sumption below sumption exceeds
150 kWt-h 800 kWth 800 kWth
Price per 1 kWt-h, UAH 0,2802 0,3648 0,9576
Table 3
Tariff coefficients for electrical power differentiated 24-hours round
Tariff zone limits coefficient
Pique from 08-00 to 11-00 15
q from 20-00 to 22-00 ’
from 07-00 to 08-00
Semipique from 11-00 to 20-00 1,0
from 22-00 to 23-00
Night from 23-00 ro 07-00 04
The fresh water supply tariff in Odessa city makes 2,736 UAH/m’.
Let the thermal power sources’ characteristics are following:
Table 4
Thermal power sources’ principal characteristics
Summary capital ex- N .
Thermal energy source | Resource, years penditures, UAH Reliability Efficiency
District boiler facility 25 13000000 0,999 0,98
Rooftop boiler facility 25 400000 0,999 0,96
Gas boiler 15 10000 0,999 0,75
Electrical boiler 10 3000 0,999 0,95
Heat pump 10 6000 0,999 §

* the heat pump thermal expansion coefficient depends onto the ambient environment’ temperature
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We assume that the simulation interval At is 120 seconds. At that the central heating, hot and
cold water in Odessa are supplied at fixed value 365,58 UAH/Gcal, 20,186 UAH/m’® and
2,736 UAH/m’, respectively.

Table 5 does expose the calculations results as to the minimum and maximum cost of heating and
hot water using the expression (6) for different heat energy sources. To simply the comparison, the
heating system results are expressed in UAH/Gcal, and the hot water in the UAH/m’.

Table 5

Results of calculating the minimum and maximum cost of heating and hot water for different energy sources

Source ‘ J oin » UAH/Geal | Jmax » UAH/Gcal
Heating
Gas boiler 34,0 36,6
Thermal pump (electrical energy standard tariff) 325,5 1041
Thermal pump (electrical energy 3-zones tariff) 177,3 1547
Rooftop boiler unit 85,5 87,6
District boiler facility 365 365
Hot-Water Supply
Gas boiler 9,3 25,0
Thermal pump (electrical energy standard tariff) 11,6 54,0
Thermal pump (electrical energy 3-zones tariff) 7,5 79,4
Electrical boiler (electrical energy standard tariff) 20,2 59,0
Electrical boiler (electrical energy 3-zones tariff) 11,7 88,3
Rooftop boiler unit 9,3 21,5
District boiler facility 20,2 20,2

Conclusions. The obtained results analysis leads to several important conclusions.

The proposed optimal management objective function takes into account as the thermal energy
final cost integral components such factors as capital expenditure for required equipment purchase,
installation, commissioning and maintenance, its equipment reliability and efficiency. At that this op-
timization problem is reduced to a monocriterial one. An optimal solution is taken by selecting at each
time point the heat source or heat supply system structure that allow obtaining the final product (heat,
hot water) at a minimal cost.

The heating system combining various alternative sources of heat (which consume different pri-
mary energy), potentially allows when threshold quantity of some energy source used (that defines
transition to a more expensive tariff), switching to heat sources, that use another kind of energy source
with cheaper current tariff.

A promising solution in this respect is to use a 3-zone electrical power tariffs allowing to accu-
mulate at night the thermal energy generated by electric heat sources, especially heat pumps.
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AHOTAIIA / AHHOTALIUSA / ABSTRACT

C.B. babiy, B.O. /lasuoos. LlinboBa QyHKIiA CTPYKTYpPHOI onTuMi3zauii Micbkux cucreM Temionocrayanas. Cy-
YacHI CHCTEMHU TEIUIONOCTa4YaHHS MICHbKUX PailOHIB MOTCHIIHHO JO3BOJIAIOTH 3HU3UTH BUTPATH HA TEIUIONOCTAYaHHS 3a pa-
XyHOK BHUKOPHCTAHHS PIi3HHX aJbTEPHATHBHMX JDKepels TerioBoi eHeprii. HasBHICTh anbTepHATHBH JO3BOJISIE OOMpaTH Te
IDKEpeIIo, SIKe TeHepye JICLICBITY TeIUIOBY eHeprito. [IpH 1[boMy BUHHMKA€E MUTAHHS, SIK BUPA3UTH B €JMHUX OAUHULSAX BUMIpY
TaKi pi3Hi XapaKTePUCTHKNU JUKEPEI SIK KalliTaJbHI BUTPATH, HANIHHICT Ta €(heKTUBHICT. Y pOOOTI 3aIIPOIIOHOBAHO LIJIHOBY
(yHKIIIO, B SKIH BCi YMHHUKH, IO BIUIMBAIOTHh Ha KIHIIEBY BAapTICTh TEIUIOBOI €HEprii, BUpa)keHi B TPOIIOBUX OIWHHILIX.
[Nokazano, 110 Aianma3oHU 3MiHM COOIBapPTOCTI Pi3HHUX JDKEpEN B 3aJIe)KHOCTI Bijl BIUIMBY 30BHIIIHIX YMHHHKIB 3HAYHO 3Mi-
HIOIOTBCSI. 3aCTOCYBaHHS 3allPONOHOBAHOI LibOBOT (QYHKINT IJIsl yIIPaBIIiHHS CTPYKTYPOIO CHCTEM TEIUIONOCTavyaHHs MiCh-
KHX paifoHiB 103BOJIUTh iCTOTHO 3HU3UTHU €KCIUTyaTalliiiHi BUTPATH.

Kniouosi cnosa: cucrema onaieHHs, YIPaBIiHHS CTPYKTYPOIO, 1ib0Ba (YHKIisL.

C.B. babuu, B.O. [Jasbi00s. LleneBast GyHKUUS CTPYKTYPHOH ONTUMHM3ALMH TOPOACKHX CHCTEM TeII0CHA0:Ke-
Husi. COBpEMEHHBIC CUCTEMBI TEIIOCHA0KEHHUSI TOPOICKHX PAHOHOB ITOTEHIMAIBEHO MTO3BOJISIOT CHU3UTh 3aTPAThl HA TEILIO-
CHa0)KEHHUE 3a CUET HCIIOIB30BAHUS PA3IMYHBIX aIbTEPHATUBHEIX HCTOYHHKOB TEIUIOBOH SHepruu. Hamwdne anprepHaTHUBEI
MI03BOJISIET BHIOMPATh TOT MCTOYHUK, KOTOPBIH TeHEepUpyeT OoJiee AEIICBYIO TEIUIOBYIO dHepruio. IIpy 3ToM BO3HHKAeT BO-
IIpOC, KaK BBIPA3UTh B €MHBIX €AMHMIAX MU3MEPEHMS TaKHe Pa3IMYHble XapaKTEPUCTUKH MCTOYHHUKOB, KaK KalHMTaJbHbIC
3aTpartkl, HaJEKHOCTh U 3 dekTuBHOCT. B nanHoi pabdoTe npeiaraercs nenesast GyHKIMS, B KOTOPOi Bce (haKTOpPbI, BIH-
SIOIME Ha KOHEYHYIO CTOMMOCTb TEIJIOBOH SHEPIHH, BHIPAXKEHBI B JIGHEXKHbIX eMHUIaX. [Toka3zaHo, 4TO AMANa30HbI U3Me-
HEHUsl ce0ECTOMMOCTH PA3JIMYHBIX UCTOYHUKOB B 3aBUCUMOCTH OT BO3ZAEIHCTBUS BHELIHUX (hAKTOPOB 3HAYUTENILHO M3MEHS-
10Tcsi. [IprMeHeHne Npe/UIOKeHHON 11e/ieBOl (yHKIMH I8 YIPaBICHUS CTPYKTYPOH CHCTEM TEIUIOCHA0KEHHUS TOPOJCKUX
pailOHOB TO3BOJIMT CYLIECTBCHHO CHU3MTh 3KCIUTyaTAllMOHHBIEC 3aTPaTHI.

Knrouegvie cnosa: cuctemMa OTOIUICHHUS, YIPABICHUE CTPYKTYPOH, 1eseBast QyHKIHS.

S.V. Babich, V.O. Davydov. Objective function for municipal heat supply systems’ structural optimization. Mod-
ern heat supply systems in urban areas have the potential to heat supply cost reduction when using various alternative thermal
energy sources. Availability of possible alternatives allows to select the source that generates a cheaper heat. At that arises
the question of expressing such different sources’ characteristics as capital cost, reliability and efficiency in the consistent
measurement units. This paper proposes an objective function representing all the factors affecting the thermal energy final
cost in monetary units. It is shown that depending on external factors the range of prime cost for heat from various sources
does vary considerably. Expected is that the proposed objective function application for managing the heat supply systems
structure in urban areas will significantly reduce the operating costs.

Keywords: heat supply system, structure management, objective function.
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